The experimentally demonstration of Casimir force transition from attraction to repulsion is still challenging. Herein, the Casimir forces for a sphere above a plate immersed in different liquids were precisely measured using Atomic force microscope, and the long-range repulsive Casimir force in the gold-cyclohexane-PTFE system is observed for the first time. The experimental data are consistent with the calculation by Lifshitz theory, which offers the direct evidence for the system of ε1<ε3<ε2. It further verifies the reasonability of van Zwol et al. dielectric model to describe the intervening fluids. This study is promising for potential applications on quantum levitation and frictionless devices in MEMS and NEMS by Casimir repulsion.
this way, the long-range Casimir repulsive force was first measured between gold and silica surfaces in bromobenzene [11] . Very recently, a stable Casimir equilibrium has been demonstrated between gold nanoplate and Teflon-coated gold surface in ethanol caused by the co-effect of repulsion at short separations and attraction at long separations [12] . On the other hand, according to Boyer's theory, Casimir repulsion can also occur between a primarily electric object and a primarily magnetic object [13] . As a result, metamaterials are the key to achieving Casimir repulsion, such as chiral metamaterials [14] [15] [16] , topological metamaterial [17, 18] and electromagnetic metamaterials [19] [20] [21] [22] . Of course, there are many studies that measure the van der Waals repulsion, similar to the Casimir repulsion. Adam et al. [23] measured van der Waals repulsive force between a gold sphere and a flat PTFE surface in cyclohexane using colloid probe atomic force microscopy, however, most of the data they measured was limited to separation distances below 20 nm, and we still knew nothing about the long-range Casimir force. In this letter, we have tried to exclude the effect of electrostatic force, hydrodynamic force and roughness. Then we present precise measurements of the Casimir force between a gold sphere and a flat plate separated by a liquid medium. Finally, we compare the experiment results with the theoretical analysis from different dielectric models of the liquid and discuss which one is the most reasonable.
According to Lifshitz theory, the Casimir force between a sphere and a plate immersed in a fluid separated by a distance can be expressed as [3] : The two-oscillator model proposed by Milling et al. [24] predicts a repulsive force between gold and silica surfaces in ethanol, while an attractive force was experimentally observed in this system [25] . The two-oscillator model expressed as [24] : 
where is the oscillator absorption strength at a given characteristic frequency .
For ethanol, seven oscillators are used, the detailed dielectric data is referred from [27] . At present, the model is used in many theoretical studies about Casimir force, but its reasonability needs further verification.
Similar to ethanol, cyclohexane also has two controversial dielectric models: the (5), the number of the oscillator is = 5, referred from [27] .
For solid materials, the existing dielectric model is more accurate and can be considered as not controversial. The dielectric function for gold is described by the Drude model:
where = 9.0eV and = 0.035eV, referred from [29] . And the model of van
Zwol et al. for silica and PTFE has the form as the equation (5), the numbers of the oscillator are = 8, referred from [27] .
We use a commercial atomic force microscope (AFM, Asylum Research MFP-3D)
to perform the measurements of Casimir force between the gold microsphere and plate with the intervening liquids. A schematic diagram of the experimental setup is shown in Fig. 1(a) . Considering that the Casimir force is very small, a sphere with a large volume is needed in order to amplify the force. As a result, a bigger spring constant of the cantilever is needed to support the gold sphere. However, the bigger spring constant will decrease the sensibility of measurement. Therefore, we chose a barium titanate sphere with smooth surface, low density and easy to sputter gold as the substrate, a sputter coater system (Leica EM ACE600) was used to sputter a gold film with a thickness of more than 100 nm, and the diameter of the sphere obtained by AFM was 74 μm. Then the barium titanate sphere is attached to the tip of a triangular cantilever (NP-O10) with epoxy adhesive. A scanning electron microscope (SEM)
image of the cantilever with the coated sphere attached is shown in Fig. 1(a) .
The gold surfaces are prepared by coating 15 × 15mm 2 silicon wafers with 100 nm thickness of gold. The silica surfaces are directly from the commercial supplies First is how to exclude the effect of electrostatic force. It is not negligible in the measurement of the Casimir force in air, however, when in fluids, due to the induced dielectric polarization, the electrostatic force is reduced significantly [30] . A surface potential scan is performed on the gold plates by AFM before the measurements and the potential of the surfaces is below 60 mV, as shown in FIG.1(b) . In this case, the electrostatic force is less than 10pN in fluid, which can be negligible compared with the Casimir force in our measurements.
Then, considering how to exclude the hydrodynamic force under the fluids. The hydrodynamic force is related to not only the properties of the material, but also the velocity v at which the sphere approaches the plate [31] :
where is the radius of the sphere, is the viscosity of the fluid, ≪ is the distance between the sphere and the plate. The minus sign means the direction of the hydrodynamic force is opposite to that of the moving velocity. According to equation (8) , the hydrodynamic force can be negligible at an extremely low velocity. To prove it, we obtain the measurement data at several constant piezo velocities using another sphere for the configuration of Au-ethanol-SiO2. Fig. 1(c) indicates that the hydrodynamic force is dominant and increases with the decrease of the piezo displacement at velocities larger than 1 μm/s. This is qualitatively accordant with the equation (8) . When the cantilever approaches at a velocity = 0.03μm/s, an attractive force (the Casimir force) occurs, almost free from the hydrodynamic force (See the Supplemental Material for more information).
In addition to electrostatic force and hydrodynamic force, roughness can also affect the precise measurement of Casimir force. We have found through experiments that hydrodynamic can only be measured in areas with very small roughness. Therefore, we chose these areas to measure Casimir force to indirectly eliminated the effect of roughness on the experiments. Fig. 1(d . For the Casimir force to be studied at separations > 20nm, the corrections due to such a roughness can be omitted [32] .
The experiment results for these configurations are shown in Fig. 2(a) . When the sphere is far away from the plate, it is free from any forces, so the force curve is a flat segment. After the sphere enters into the working range of the Casimir force, the deflection of the cantilever increases gradually. For the configurations of Au-ethanol-Au and Au-ethanol-SiO2, a negative deflection of the cantilever arises, implying an attractive force, then the sphere is pulled to contact the plate instantaneously. By contrast, the deflection data for Au-cyclohexane-PTFE is positive, implying a repulsive force, then the cantilever bends to the direction away from the plate but the sphere still will touch it driven by the piezoelectric column. Eventually, the force curve turns into a straight line with a fixed slope. With the curve parts at distances less than 20 nm removed to avoid the pull-in effect of the attractive force, Fig. 2(b) indicates that the force for Au-ethanol-Au is significantly larger than that for the other two configurations: at = 25nm , the measured Casimir force for Au-ethanol-Au is close to 1000 pN, while for Au-ethanol-SiO2 and Au-cyclohexane-PTFE the absolute force is less than 100 pN.
Then we obtain the theoretical Casimir forces between the gold sphere and the silica plate immersed in ethanol calculated from the three different dielectric functions of ethanol, as shown in Fig. 3(a) . The scatter plots represent four sets of experimental results in continuous runs. Apparently, the two-oscillator model leads to a repulsive force, while the three-oscillator model and the seven-oscillator model lead to attractive forces. Thus, the two-oscillator model for ethanol is unreasonable because it predicts an absolute converse sign on the Casimir force. For the other two models, the seven-oscillator model for the dielectric of ethanol predicts a stronger force than the three-oscillator model. It reveals that the measurement results are in reasonable agreement with Lifshitz theory calculated from the seven-oscillator model. 
